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Abstract
Basin inversion occurs whe n a rift
bas in undergoes initial extension fol-
lowed by shortening . Shortening and
exte ns ion are believed to have the
same principa l ax is of de for mation .
The later shortening phase of defor-
mation is be lieved to resul t when
ridge-push forces are activated, as
the basin makes the transition from
a rift to a drift (Withjack, et al., 1995).
Data from a we ll-logg ing tool, the
Borehole Televiewer (BHTV), was
used to interpret the tectonic history
of the Newark basin . The BHTV data
indicates that bas in inversion may
have p layed a significant role in how
the basin developed .
Introduction
During the ea rly Mesozoic pe riod,
(Late Triassic-Early Jurassic), large-
sca le northwest-southeast (NW-SE),
passive continental-margin rifting
along the eastern seaboard of North
America was associated wi th the
break-up o f the super-co ntinent ,
Pangea (Corne t, 1977) . A modern
ana log of this form of rifting would be
the East African rift.
The focus of this study is one of
the largest of these rifts, the Newark
rift basin (see Figure 1). Beca use the
Newark basin 's roc ks are well
exposed, and the basin is convenient-
1y located near mos t of the ma jor u ni-
versities on the eas t coa st, it has been
studied in great detail for over 130
years. Redfield (1856) provides an
ea rly study of the Newark bas in .
Typically, ex tensiona l forces cause
normal faults to form two opposing
bounding faults . Th ese bounding
fau lts contain within them a down-
dropped portion of the ea rth's crus t
called a "graben." The Newark rift
basin , on the other hand, has a ha lf-
graben geome try because it is bound-
ed by a fault on only one side . Th is
se ries of ma jor, normal faul ts in the
Newark basin is oriented northwest
and allows the rock units to drop in a
hinge-like manner, with the units
closest to the bounding fau lt ha ving
the greatest amount of disp lacement.
These bounding faults are believed to
be reactivated Paleozoic thr ust faults.
The strat igra p hy of Newark basin
is domina ted by five formations (see
Figure 2). The Stockton forma tion
co nsists of yellow-brown and red
co ng lomerates , arkose , and sand-
stone units. These coarse-grained
un its are indicative of a fluvial envi-
ronme nt , due to the high ene rgy
needed to erode, transpo rt, and
de posit the large r clasts in the rock
uni ts. These fluvial units are believed
to ha ve been deposited du ring the
ea rly phases of rifting .
The Lockatong formation, which
consists of mostly gray mudstone , are
be lieved to be deep, lacustrine sedi-
ments du e to the low energy ne ces-
sary for deposits and sedime ntary
structures found in the mudstones.
The Passaic formation, w hich is
dominated by red and gray mudstone
and sandstone, is interpreted to be a
continuation of lacu strine sediments
that grade into a more fluvial-domi-
nated stratigraphy. The Orange Moun-
tain basalt is an Early Jurassic sill, and
the uppermost unit is the Feltville for-
mation . These sedimentary units are
believed to have been deposited syn-
depositionally as the basin widened
from rifting. The Lockatong and the
up per part of the Passaic formation
would ha ve been deposited when the
basin was hydrologically clos ed
(meaning that the primary input/ out-
put components of the water budget
were precipitation and evaporation,
respectively) . These formations were
de termined to be useful for study ing
climate cycles during the Early
Mesozoic because they were deposit-
ed w hen the basin was hydrological-
ly closed.
Basin Inversion in th e Newark Basin
Figure 1. Map view showing the Newark ba sin 's structures , geometry, and rock units .
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Newark Basin Coring
Project
During an e ight-month period in
1990-1991 and two months in earl y
1993 , a grant from the Natio nal
Science Foundation was presented to
Paul E. Olsen of Lam ont-Doherty
Eart h Obse rvato ry and Dennis V. Kent
of Rutgers University to co ntinuously
co re the ent ire stratigraphie se quence
of the Newa rk basin . The erode d,
ha lf-graben geometry of the Newark
basin allowed the cores to be collect-
ed by a method called offset drilling .
Offset drilling is a technique used
when rock un its are uplift ed and
stee ply dipping . Geologi cally, a tra-
ve rse of a basin with this typ e of
geometry (ha lf-graben) results in the
youngest units positioned at one end
of the bas in, and the oldest units at
the other end o f the basin. With offset
drilling, severa l shallow holes drilled
across this traverse of the basin allows
the entire stratigraphic seque nce of
the basin to be recovered.
The alte rna tive to offset drill ing is
drilling one deep well to recover core
for the entire stratigraphic sequence .
Th is is mu ch mo re expensive than
offset dril ling. These passive , conti-
nental-rift basins are abundant w ith
ign eous intrusions and faults. These
stru ctures tak e longer to co re, and the
fau lts can jeopardize the hole integri..
ty. Setbacks of this nature mean an
increase in co stly rig time.
Offset drilling offers more t1exibility
in choosing drill sites that will cover
the entire stratigraphic seque nce with-
out drilling into these cos tly struc tures .
In order to co nt inuously co re the
ent ire stratigraphic sequence in the
basin , seven sites were needed to
make a N\'(T-SE transact of the basin,
with the youngest un its found in the
NW and the oldest units to the SE.
These seven sites are : Princeto n,
Nurse ry Road, Titusville , Rutgers ,
Somerset, Weston Canal, and Martins-
ville (see Figure 3).
Approximately 1000 m of co ntinu -
ous co re wer e retri eved at each of
these seven sites, totalin g 6770 m of
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NEWARK BASI N DRILLING PROJECT CORES
Figure 3. Drill-site locations relative to their depth in the forma tion .
Research Go als
After the Boreh ole resea rch group
processed the rem otely sensed well-
log data from the Newark Basin
Coring Project, Goldberg recognized
that the data from one of the seven
sites drilled in the basin, Martinsvill e ,
was completely d ifferent from the
da ta in the remaining six holes drilled
in the basin.
The current mod el of the tectonic
history of the Newark bas in suggests
that the basin underwent extension,
with the principal ax is of extensio n
oriented N\V'-SE. There followed a
lon g period of qui escen ce when the
rift mad e the transiti on to drift (when
core. As each site was be ing cored , a
string of downhole logging tools co l-
lected continuous, remotely sensed
data . This data was used to measure
a variety of rock and hole propert ies.
Some of these geophysical well-log-
ging tools include: sonic velocity,
resistivity, gamma-ray, litho-density,
neutron-porosity , caliper, temp/s alini-
ty, dip-meter, Boreh ole Televiewer
(BHTV), susceptibility, and tempera-
ture logs.
Some of the properties measured
by these too ls include: density, soni c
velo city, in situ temperatures, porosi-
ty, clay content, and fracture data . By
conca tenating the data from these
seven holes and making corrections
for rock- unit overlap and com-
paction/decompaction, a composite
well log of each well-logging tool can
be crea ted to exa mine the various
rock and hole prope rties of the enti re
stra tigrap hic seque nce (6770 m total),
as opposed to a hol e-b y-hole analysis
of each logging tool used (1000 m
each) . Initially, the data collected
from the Newa rk Basin Coring Project
was used by Olsen and Kent (1995)
and Reynolds (1994) to de term ine
se dime ntary basin evolut ion an d
clim at ic cycles pr eserved in the
deep wa ter, lacustrine uni ts of the
Lockaton g and Passiac formations.
Dave Go ldbe rg of Lamont- Doherty
Earth Observatory of Columbia Uni-
versi ty saw promise in using the data
co llected from the Newa rk Basin
Coring Project to pie ce togethe r a tec-
tonic history of the Newark basi n.
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Figure 2. Composite section of the Newark Basin Coring Project cores with
form ation names and lithology.
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Figure 6. Sche ma tic of the Borehole
Televiewer acous tic imaging se nsor.
Time
were open or closed (some fractures
had min eral filling).
The first data set was created us ing
the co re pho tos from the anomalous
Martinsvi lle hole , and the second
from the hole at Nursery Road. The
Nursery Road site was selected
because it best represented the BHTV
stereo-p lot data from the fractures in
Figu re 7. One of the actual photo-
graphs used to crea te the core
data se t for "ground-truthing" the
Boreh o le Televiewer.
Methods
The primary data se t used to interpret
the tectonic history of the Newa rk
basin came from a re latively new log-
ging tool , the Borehole Televiewer.
The BHTV uses a rotati ng transmi t-
ter/rece iver to se nd an acou stic pulse
through the formation as it is being
pull ed up the hole . The BHTV pro-
vide s an acou stic "image" derived
from the amplitude and trave l time of
the acoustic signals reflected from the
wa ll of the for mation (se e Figure 6).
This data is usefu l in determining,
among other things, fracture orienta-
tion, dip, and aperture. From the
processed data , the orientations of
the field that existed when these frac-
tures were created during rifting can
be inferred.
In order to use the BHTV data with
any co nfide nce, it was necessary to
ground-truth it by comparing it with a
da ta set that measures the same prop-
er ties as the BHTV. To do this, a high-
ly accurate seco nd da ta se t was
required. The best data ava ilab le to
ground-truth the BHTV data was
available from d irect obse rvation of
the cores themselves. It would be
time-co nsuming and inconvenient to
crea te a data set from 6700 m of
4-inch core. Fortunately, when the
co re was bein g recovered it was
photographed in 9-foo t sectio ns
(se e Figur e 7) . The co re was marked
every foot , so the photos allowed the
core to be examined , with dividers ,
to get fracture locatio ns, dips, aper-
tures (ho w wide the fractu res were
o pen) , an d w hether the fractures
the fractures were dominantly shal-
low dipping, and ha lf the fractures
were oriented Xl-SE (see Figure 5) .
Other features that were unique to
the Martinsville hole we re an igneous
intrusion, and a sma ll reverse fault
(Reynolds, 1994) . Go ldberg wanted
to achieve thr ee goals: First , "ground-
truth" the BHTV data se t to determine
its accuracy or reso lution ; second,
use this BHTV dat a to determine
what type of past or current stress
helped form the basin; and, fina lly,
use this data to develop a model that
would explain w hy Martinsville was
so unique in the Newark basin .
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Figure 5. Rose diagram and Kamb
contour of pole s-to - fracture planes
showing fractur es orien ted N\V'-SE
and stee p dipping from the
Martin sville site .
Figure 4. Rose diagram and Kamb
co nto ur of poles-to- fracture plan es
sho wing fractures oriented NE-SW
and shallow dipping from the
Nursery Road site .
oceanic crust is made and a spreading
center is established). This N\V'-SE ori-
ented , princip al ext ensional-stress
direction would produce fractures with
steep dips oriented NE-S\'(l, or normal
to this principal stress direction .
Stereo nets of the BHTV fracture
data were plotted by Goldberg to
examine fracture orientations and
dips, and to tty to determine how the
dat a fit the current tectonic model of
the basin . The stereo plots of the
BHTV fracture da ta ind icated that
the six sites farthest away from the
N\V'-SE trending-bound ing fault in
the basin fit th is mode l perfectly.
The fractu res from thes e six holes
(Westo n Canal, Somerset, Rutgers,
Titusv ille, Nursery Road , and Prin-
ce ton) were or iented NE-SW and
were stee ply dip ping (see Figure 4).
However, the hole clos est to the
bounding fault, Martinsv ille , had a
co mpletely diffe rent characte r than
the othe r six ho les . At Martinsville ,
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Surprising ly, the resul ts showed
that the BHTV co uld see open-an d-
filled fractures equa lly well. Fracture
den sities of both data sets, with
respect to dip angles, didn't co rrelate
well e ither. Finally, a fractu re-density
plot of the co re da ta set with ap er-
tures between 3-6 mm co rrelated
very well. It seeme d tha t BHTV was
aperture-contro lled an d , therefore ,
the wid er the fracture was open, the
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Figure 8. One of many fracture-density plots used to determine the Borehole
Televiewer resoluti on by trying to co rrela te the fracture-den sity p lot of the
co re data se t with various ape rt ures filtered out, (left three p lots), to the
BHTV fracture-d en sity plot.
Results
Because the BHTV is an acoustic
imager, we first hypothesi zed that the
filled fractu res wo uld have played a
cruc ial role in the resolu tion of the
BHTV. These filled fractu res had a
much higher densi ty than the open
fractures, and we hypothesized that
the acoustic pulse from the BHTV
would not be able to see the filled
fractures.
MARTINSVILLE FRACTURE DENSITY COMPOSITE
the six holes in the Newark basi n that
had the ex pected NE-SW trending,
steeply dipping fractures . With these
photos, a data set of the depth, aper-
ture, dip, and wh ether the fracture
was open or filled , was obtained and
compared to the fracture depth, ap er-
ture , and dip obtained from the
BHTV. In doing this we could deter-
mine the co nstraints of the BHTV
data set by determining the accuracy
and resoluti on of the BHTV.
\XThen the core data sets from
Martinsville and ursery Road were
comp leted, there were twice as man y
fractures as the BHTV. The co re data
set for Martinsvill e and Nursery Road
had 3415 and 552 fractures, respec-
tively. Th e BHTV data set for
Martinsville and Nursery Road had
986 and 283 fractures, respective ly. It
was readil y apparent that the BHTV
was not "seeing" all of the fractures.
Obvi ously, the BHTV resolution
was not as accu rate as direct observa-
tions from the core. In order to deter-
mine whi ch fractures the BHTV was
not seeing, a se ries of fracture-density
plots were created (see Figure 8).
Fracture-density plots are essentially
histograms of number of fractures vs.
dep th. In orde r to determine what
elements of the data se t were not
be ing seen by the BHTV data set ,
co mpa rison of these fracture-d ensity
plots with the eleme nts measured
(fracture dip, location, ap erture, and
open/filled) were filtered one-by-one .
A fracture-dens ity plot of the data set
with the se mix of elements filtered
out correlated we ll with the fracture-
density p lot from BHTV data. When a
fracture-density plot from the filtered ,
core data se ts correlated with the frac-
ture-density plot of the BHTV data
set, we would know what the BHTV
co uldn't see by wh at was filtered out
of these plots in order for them to co r-
relate . This was done to help establish
the limits of the BHTV data set.
Correlations between the co re data set
and the BHTV data set were de ter-
mined by number of peaks from the
fracture-density plot of the filtered
core data set compared to the peaks,
at the same depth, of the fracture-
dens ity plot from the BHTV data set.
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mo re likely the BHTV wo uld see it.
In orde r to pin down the minimum
ape rture at w hich the BHTV co uld
image a fracture , we set up a propor-
tion that allowed us to deter mine
w hat aperture wo uld have to be fil-
te red out from the co re data se t so
the number of fractures in the co re
data se t equa led the nu mb er of frac-
tures collected from the BHTV data
set. An aperture of >=5 mm was
calculated as the resolution of the
BHTV fro m thi s p roportio n . By
ground-truthlng the BHTV da ta , it
indicates that there are a significant
nu mb er of sha llow-dipping fractures
throu ghout the basin that may not be
imaged by the BHTV. This sho rtco m-
ing must be taken into account when
using the BHTV da ta se t to interpret
the tectonic history of the Newa rk
basin .
To test this furthe r, a qu ery of the
co re data se t was don e . Th is query
retrieved the fractures from data se t
with apertures >= 5 mm and with
dips <= 45 degrees . This data was
p lotted next to a plot of all fractures
>= 45 degrees, regardl ess of aperture .
The plots were essentially the same .
This ind icated tha t most of the frac-
tu res in the Nursery Road hole with
dips < 45 degrees had ape rtures of
< 5 mm . Becau se a 5 mm aperture is
the lower limit that the BHTV can
image, th is preven ted the BHTV from
recognizing these sha llow-d ipp ing
fractures . This is an indication that
Martinsville is not the only hole with
shallo w-dipp ing fractures in the
basin, as the BHTV initially indi cated.
In summary, th e grou nd-truth ing
demon strated to us that with a reso-
lution of >=5 mm , we co uld have
confi dence in the BHTV data as lon g
as we take into account that man y of
the shallow-dipping fractures in the
bas in may ex ist in ho les othe r than
Martinsville.
Discussio n
Ground -truthing the BHTV indicated
that the stereo plots made from the
BHTV of the Martinsville site did not
fit the cur rent mo de l of passive mar-
gin, contine ntal rift-basin evolution.
Again, the current model sugges ts
that the Newa rk rift bas in underwent
extensional stress during Late Triassic
thro ugh Early jurassic, fo llowed by
tectonic quiescence . The principa l
ex tensional stress di rection was ori-
ented NW-SE during rifting, and pro-
du ced steep-dipp ing fractures orient-
ed NE-SW, o r normal, to th e
paleo-principal, extensio nal-stress
di rection of J\T\\T-SE. Every ho le in the
Newark bas in except Martinsville had
fractures co nsistent with this model.
This model did not ex plain why the
fractures at Martinsville were oriented
NW-SE, w hich is not the usual prin-
cipal, ex tensiona l-stress d irection of
\XT-SE that would have created
them . Also, Mart insville was do minat-
ed by shallow-dippin g fractur es, not
the steeply dipping fractures normal-
ly associated with ex tens iona l stress.
A study of the Fundy bas in in
nort heaste rn Canada (Withjack, et al.,
1995) provided so me very usefu l
insight s as to w hat may have hap-
pen ed in the Newa rk bas in. The
Fundy basin is part of the sa me se ries
of passive , co nt inenta l-margin rift
basins as the Newark basi n . Withjack ,
et al. (995) determined that the
Fundy basin und erwent two se pa rate
ep iso des of defor mation that he
calls basin invers io n. Initially, rifting
caused paleo-thrust fau lts to be reacti-
vated extensiona lly, and the prin cipal,
ex tensiona l-stress direction was ori-
ented NW-SE. As the rift basin made
the transition from rifting to drifting ,
a late r deforma tion event (Early
j urassic) was initiated and the basi n
was , and is still believed to be , domi-
nated by shortening with the same
principa l stress direction (NW-SE).
This is ana logous to stretching a rub-
ber ba nd in the J\T\\T-SE d irection and
then lett ing it co ntract in the same
TW-SE d irection . Withjack , et a l.
(995) suggests that ridge-push could
be a viab le mechanism for the change
in stress fields when the basin pro-
gressed from a rift to a drift se tting, or
ridge-push may be an ana logous
force responsible for the rubber band
being pushed back toward its origina l
position . We believe this inversion of
the stress fields, from extension to
sho rtening, can ex plain the BHTV
fracture data in the ewark bas in.
As in the Fundy basin , Late
Triassic, pre-existing Paleozoic thrust
faults were reactivated , ex te nsiona lly,
in the Newark basin . We believe that
the pr incipa l, ex tensiona l-stress direc-
tion was oriented NW-SE, and this
early extensio nal stress caused the
developme nt of the steeply d ipping
fractures oriented JE-S\\T, normal to
the p rincipa l, extensiona l-stress direc-
tion o riented NW-SE.
These fractu res are dominan t in all
of the holes in the basin except
Mart insville. At Mart insville , shallow-
dipping fractur es oriented J\T\\T-SE are
dominant. We feel these fractures
co u ld not have been formed by
th is early ex tension, oriented NW-SE,
that for med the fractures in all of
the othe r sites in the basin w here
BHTV da ta was co llec ted , except
Martinsville . Martinsville may lack
these early ex tens iona l frac tures due
to its proximity to the W-SE orient-
ed bounding fault. Goldberg suggests
that duri ng this ea rly NW-SE oriented
ex tension even t, mo st o r all of the
strain could have been taken up by
th is boundi ng fau lt , and these
early steep-dipping fractures d id not
deve lo p . This may ex p lain w hy
Martinsville has a pau city of steep-
dipping fractures . From th is, we pro-
pose that these NW-SE oriented sha l-
low -d ipping fractures, which are
domina nt in the Mart insville site , or ig-
inated from a second , and se pa rate ,
deformation eve nt.
As in the Fundy basin , this late r
e p iso de (Ea r ly ju ra s s ic / Ea rl y
Cretaceous) of deformati on had the
same princ ipal stress direction (NW-
SE) as the early (Late Triassic) , ex te n-
sional stress that formed the steep-
d ipp ing fracture s. The o nly diffe ren ce
between th is ea rly phase of defor ma-
tion and the later phase is that the
early phase was ex tens ional, and this
late r phas e of deformation is believed
to be compressional, We believe this
co mpression, or sho rtening , of the
Newark basin formed the reverse
fault (Reyno lds, 1994), which was
foun d at a depth of abou t 2200 feet ,
when the Mart insville hole was being
cored (see Figure 9). Th is reverse
fault was a fu nction of the late r sho rt-
ening episode in the basin that ma y
have locked up the bound ing fault
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Figure 2. Composite logs of the gamma, den sity, porosity, and resistivity tools
show how logs can be used to read the depositional character of the forma-
tion . From @ 800 ft.-@ 1200 ft., the low-gamm a log signature represent s the
Orange Mountain basalt. The density log has a sharp-low @ 2200 ft. which is
the approximate location of character @ 11,000 ft. This is the approximate
location of the coarser fluvial units of the Stockton and Lockaton g formations .
sho rtening in the bas in was taken up
by the steep-dipping fractures form ed
during the ea rlier, extensional ph ase
of deformation in the Newa rk basin.
Conclusion
The current model that a passive,
contine ntal-marg in rift basin becomes
qu iescent afte r the basin has made
the transition from a rift to a drift
should be qu est ion ed. In both the
Fundy and Newa rk basins, evidence
suggests that two ph ases of deforma-
tion may have contributed to the tec-
tonic development of these basins.
The first event was extension and rift-
ing of the basin , whi ch formed steep-
dipping fractures. This is believed
to ha ve occ urred during the Late
Triassic. After the rifting progressed
to drifting, a brief period of quies-
cence may have occ urred from the
Early Jurassic to as late as the Early
Cretaceous . The reafter, ridge-push
forces may be resp onsible for short-
ening in the basi n, which would have
produced sha llow-dipping fractures.
Thu s far this basi n inversion model
best explains the tectonic history of
the Newa rk basin , based on the
BHTV and da ta collected from the
co res themselves.
Further work should include an
ana lysis of the actua l co res them-
se lves at the frac ture interface.
Striations on the fracture inte rface,
from shearing along the fracture
planes as a result of shortening in the
basin , and thin sections from the core
may reve al microstructures (p ressu res
so lut ion, micro-cracks, etc.) that
could provide further evidence for
or aga inst basi n inversion . This was
suggested by Grand Valley State
Universi ty professor, Dr. Joh n Weber.
Finally, core da ta se ts should be
created of the remaining five holes in
the basin (Rutgers, Somerset ,
Titu sville , Prin ceton , and Weston
Canal) from the co re photos, and a
statistical analysis perform ed on these
data to gain better understanding
of the fracture distribution in the
Newa rk basin .
the BHTV was un able to image them
due to their ap ertures being below
the lower limit of the BHTV resolu-
tion of >= 5 mm. These shallow-dip-
ping fractures present in the six sites ,
besides Martinsv ille, may have small-
er ape rtures if some of the later
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near the Martinsville site, and this cre-
ated the reverse fault which helped in
the development of the shallow-d ip-
ping, NW-SE orient ed fractures found
in the Martinsville hole . These shal-
low-dipping fractures ex ist in the
othe r sites drilled in the basin , only
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